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INTRODUCTION 
Intramuscular fat content and distribution (marbling) are important attributes for 
beef quality grading. The USDA (United States Department of Agriculture) certified 
inspectors determine the beef quality grades, based on marbling, by visually inspecting the 
cross sections of longissimus dorsi (ribeye) muscle at the 12th rib location on chilled beef 
carcass. This subjective method of grading, however, will not meet the meat industry's 
demand for a value based marketing system. One important step towards this goal is an 
objective method of characterizing intramuscular fat or marbling. B-mode ultrasound has 
been shown to have the potential for predicting intramuscular percentage fat (%-fat) in live 
animals [1] as well as carcasses [2]. This paper presents the potential of A-mode ultrasound 
for characterizing intramuscular fat. 
Several time-domain and frequency-domain processing algorithms were developed to 
extract A-mode parameters to evaluate meat quality based on intramuscular fat. Spectral 
analysis of back scattered signal has been a very effective tool for deriving parameters of tissue 
characterization [3,4]. It provides a statistically meaningful technique for characterizing 
complex tissue structures. Attenuation of ultrasound has also been studied extensively for 
tissue characterization [5]. It has been applied for diagnosing diffuse liver diseases such as 
cirrhosis, hepatitis, and fatty infiltration. Kurtosis of gain-compensated backscattered signals 
has been reported to distinguish fatty infiltrated liver from normal liver [6]. The parameters 
from an envelope of the radio frequency (RF) signal have also been shown useful in tissue 
characterization. Several investigators have characterized various forms of heart diseases 
from statistical properties of envelopes of ultrasonic echoes from myocardium. 
SYSTEM AND DATA ACQUISITION 
A personal computer (PC) based system was developed for ultrasonic data acquisition 
in pulse-echo (A-mode) configuration. Figure l(a) illustrates modules of the system. A 
commercially available 12.5 cm long linear array transducer was used to transmit as well as 
receive the ultrasound signals. The transducer had 72 elements, each operating at a 
frequency of 3.5 MHz. An ultrasonic pulser/receiver plug-in board along with two 8-channel 
multiplexer boards were used to sequentially trigger sixteen channels (in groups offour 
elements) ofthe transducer. A LeCroy 9310L digital oscilloscope was used for acquiring and 
transferring the data to the PC using GPIB interface (IEEE 488 standard). The data were 
sampled at a rate of 20 MHz using a 256-level (8-bit) quantizer of the scope. 
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Figure 1. (a) Block diagram of data acquisition system. (b) Typical A-mode signals (in 
arbitrary amplitude units) from ribeye muscle: low (4.25) %-fat (top) and high (7.56) %-fat 
(bottom). 
A total of 311 hot carcasses were scanned immediately after slaughter at a commercial 
packing facility. After cutting a slit through the fat layer across the 11th-13th ribs, the 
transducer was placed in contact with the longissimus dorsi muscle. This oriented the 
ultrasound beam perpendicular to the muscle fibers. Sixteen A-mode signals, each of record 
length equivalent to about 8 cm of tissue (based on ultrasound velocity of 1540 m/s for soft 
tissues and 20 MHz sampling rate), were acquired for each carcass. Typical signals from low 
and high %-fat muscles are shown in Figure l(b). The ribeye slices between 12th and 13th ribs 
were later processed chemically at the Iowa State University Meat Laboratory to determine 
actual intramuscular %-fat by an n-hexane extraction method. All the data were transferred 
to a computer workstation (DECstation 5000 from Digital Equipment Corporation, Maynard, 
MA) for processing. 
THEORY AND SIGNAL PROCESSING 
SPECTRAL PARAMETERS 
The backscattered signals, x(n), were windowed at a depth of about 3.45 cm using the 
Hanning window of 12. 78 ~s duration. This was equivalent to a window size of 256 points or 
about 0.99 cm ofthe tissue. Fourier spectrum of each of 16 windowed signal-segments from a 
carcass was computed by applying Fast Fourier Transform (FFT) algorithm as given by 
N-J 
X(k)= Lx(n)w(n)e-i2"kn/N, 0:S;n:S;N-1 ... (1) 
n=O 
where x(n) is the filtered signal and wen) is the Hanning window, of size N, defined as 
wen) = 0.5 - 0.Scos(21tn/N} 
=0, otherwise. ... (2) 
The log-squared magnitude ofX(k) was then computed and 16 such spectra were 
averaged (point-to-point) to obtain a single raw power spectrum, SR(k) for each carcass. This 
was realized by 
... (3) 
A filter in cepstral domain [7] was applied to SR(k) to obtain a smooth spectrum, 
denoted as Ss(k). Six-dB bandwidth of SsCk) , was computed which gave 6-dB cutoff low 
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Figure 2. (a) Typical signal with shallow and deep segments. (b) & (c) Raw (dotted line) and 
smooth (solid line) power spectra of the shallow and deep segments, respectively. (d) 
Comparison of shallow and deep power spectra. (e) Attenuation coefficient, by log-spectral 
difference, as a function of frequency. 
frequency (fL) and 6-dB cutoff high frequency (fH). A third parameter, center frequency (fc)' 
was computed using the centroid formula 
fH I. kls,(k)I2 
fc k=fL ... (4) fH I.IS,(kt 
k=fL 
Additional parameters calculated from Ss(k) within the bandwidth were: total power (PT), 
average power (P A)' peak power (P p), and frequency at peak power (fp)' Thus, 7 spectral 
parameters were calculated for each carcass. Also, a larger (512-point) window centered at the 
same depth (3.45 em) was used to extract the signal-segment and all the spectral parameters 
were recalculated. 
ATTENUATION PARAMETERS 
Attenuation can be defined as a loss of energy from the ultrasonic beam and includes 
the losses due to absorption and scattering. Many methods have been proposed and reviewed 
for measuring ultrasonic attenuation [5]. We used the log-spectral-difference method because 
it eliminates the responses of the transducer, the electronic system, and the tissue overlaying 
the region of interest. The power spectra from two depths, L, (shallow) and L. (deep), can be 
related as 
... (5) 
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where 1 X/OO) 12 and 1 x,,(00) 12 are the power spectra ofthe shallow and deep signal-segments, 
00 represents continuous frequency axis, 1 H(oo) 12 is the power transfer function which, in 
general includes all the processes contributing to transform the power spectrum measured at 
depth L, to that measured at depth L2 • In equation (5) there exists the assumption that the 
ensemble of scattering particles distributed at depth L, have the same scattering properties as 
distribution at depth L2• If attenuation were the only transformation process, then 
... (6) 
where a(oo) is frequency dependent amplitude attenuation coefficient and L'iL is path length 
between depth L, and depth L2 • Solving equations (5) and (6) for attenuation coefficient, a(oo), 
yields 
... (7) 
Figure 2 illustrates the steps involved in this method. A shallow and a deep segment 
were Hanning windowed from the backscattered A-mode signal (Figure 2(a». The smooth 
power spectra were obtained in a similar way as described earlier (Figure 2(b) and 2(c». The 
averaging of spectra over a depth plane of tissue has been shown to improve the estimates of 
the attenuation parameters [8]. The windows (time gates) were 256-point (12.78 Ils) long and 
were centered at tissue depths of 2.46 cm and 4.92 cm. The attenuation coefficient, a(k), was 
then computed using equation (7). 
Two models for frequency dependence of a(k) were fit to calculate four attenuation 
parameters: 
linear fit model: a(k) = A, + As k 
power-law model: a(k) = Bo k~ 
where k represent the discrete frequency points, Al is the intercept and As is the slope as 
determined by fitting a straight line to the a(k) curve (Figure 2(e», and Bo is the coefficient 
and 11 is the power of frequency dependence as determined by fitting a power-law model to the 
a(k) curve. 
KURTOSIS PARAMETERS 
The kurtosis, K, is defined as the normalized fourth central moment of a random 
variable which in our case is the filtered A-mode signal. The kurtosis is given by 
... (8) 
where x is a zero-mean random variable and E[.] is an expectation operator. For an uniformly 
distributed process, the K is equal to 1.8, while for Gaussian and Laplacian processes, it is 
equal to 3 and 6, respectively. This implies that, practically, K measures the peakedness of a 
signal, e.g., backscattered RF signal. The estimator Kin) for an observed data sequence 
denoted by x(n) can be defined as 
n=1 
... (9) 
by replacing ensemble average in equation (8) by time average. It has been shown that, for 
estimator Kin) to be an unbiased estimator, it is necessary that the random process be 
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Figure 3. Typical plots of kurtosis 
estimator KE(n) for the signals from low 
and high %-fat ribeye muscles. 
Figure 4. Envelope of a signal-
segment with 20%, 40%, and 60% 
thresholds. 
stationary to at least the fourth moment. Hence, for ultrasonic backscattered signal, which is 
a non-stationary sequence, an automatic gain control (AGC) has been suggested to 
compensate for variation in the amplitude [6]. 
Each A-mode signal was preprocessed using a recursive Butterworth high-pass filter 
to remove noise (below 0.2 MHz). The filtered signal was then subjected to a digital AGC 
algorithm using a 128-point Hamming window (representing about 0.5 cm of tissue) to assure 
a constant signal energy with tissue depth. The kurtosis estimator was then determined using 
equation (9). By averaging (point-to-point) kurtosis estimators from 16 A-mode signals, a 
single estimator KE(n) as a function of tissue depth was obtained for every carcass. Figure 3 
presents typical plots for two different %-fat muscles. From such curves, two parameters were 
calculated: a final stabilized kurtosis value (K,) and the depth at which KE(n) stabilizes (in 
terms of sample number, nK ). The KE(n) value was considered to be stabilized or settled if 
consecutive Kin) values showed fluctuations no more than 0.0001 for a 9-point sliding 
window. 
ENVELOPE PARAMETERS 
The filtered backscatter signals were Hanning windowed, in a similar way as 
described in the spectral parameters section, to obtain 256-point and 512-point signal-
segments. These signal-segments were subjected to an envelope detection algorithm. This 
algorithm was implemented by shifting the phase of every component of the signal by rrJ2 
(using Hilbert transform) and then computing the envelope as given by equation (10). 
E( n) = ~ (x[ n r + H[ n ]2 ), O:S;n:S;N-l. ... (10) 
where H [n] is the Hilbert transform of the filtered signal x[n]. Three parameters were 
extracted from the signal envelope: root-mean-square (rms) energy, the number of peaks, and 
mean of the histogram (HM ). 
The averaged rms energy (Ea) was computed using equation (11) where rms energy is 
averaged over all the 16 signals. 
. .. (11) 
This parameter provides an insight in to the relationship of the intramuscular %-fat with the 
total scattering power which in turn depends on the number of scatterers and their scattering 
strength. 
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Table I. Correlation of actual %-fat with spectral parameterst. 
512-point window parameters 256-point window parameters 
%-fat t;, fc fp t;. fc fp 
%-fat 1.00 
(512) t;, -0.31 1.00 
fc -0.20 0.46 1.00 
fp -0.33 0.75 0.62 1.00 
(256) t;, -0.26 0.90 0.38 0.68 1.00 
fc -0.18 0.48 0.78 0.65 0.48 1.00 
fp -0.24 0.70 0.54 0.78 0.74 0.65 1.00 
tAll the coefficient values are sIgmficant (p<O.Ol) unless otherwise specIfied (refer to 
text for the description of parameters). 
to.01 <P<0.05 
The number of peaks were computed using a simple peak detection algorithm with 
varying threshold. The algorithm searched for a maximum having four sample points on 
either side with amplitudes greater than the threshold. This maximum was than recorded as 
a peak. In this way, number oftotal peaks (PI' p., Pa) with three different threshold values 
(20%,40%, and 60% of the maximum value of the envelope, respectively) were computed and 
were averaged over 16 signals. Figure 4 illustrates the idea. The dependence ofthe thresholds 
on the maximum ofthe envelope of the signal-segment should be noted. Our main interest 
here was in the backscatter power from the scatterers with in the region of interest, 
independent of the attenuation before the region of interest and hence, thresholds dependent 
on the maximum of the envelope were used. Though empirical, these parameters might 
provide some information about the number density of the scatterers. 
The mean of the histogram of the envelope amplitude was computed to observe its 
shift with variation of intramuscular %-fat.1t was computed using equation (12) which gives a 
mean of the histogram averaged over 16 A-lines. 
1 16 { 1 N-1 } HM=-I, -I,E(n), 
16 i=1 N 0=0 
O:S;n:S;N-1 ... (12) 
RESULTS AND DISCUSSION 
Out of 311 carcasses scanned, the actual %-fat data were available for 295 ribeye 
samples. The %-fat, as determined by the n-hexane method, ranged from 1.54% to 11.99%, 
with mean value of 4.87% and standard deviation of 1. 70%. This range included the %-fat 
found in four USDA beef quality grades available commercially, i.e., Prime, Choice, Select, 
and Standard. Correlations of all the parameters with the actual %-fat were calculated as 
Pearson's product moment correlation coefficients (r) using SAS software (SAS Institute Inc., 
Cary, NC). The coefficients of correlation (r) between selected parameters and actual %-fat are 
presented in tables I, II , and III. All the parameters listed in the table were significantly 
correlated with %-fat (p<0.05), assuming a normal probability distribution of the parameters. 
The mutual correlations among the ultrasound parameters are also shown. These correlations 
are discussed in the following paragraphs. 
The spectral parameter fL(6-dB cutoff low frequency) showed a statistically significant 
correlation with %-fat for both window sizes, 512 points (r=-0.31) and 256 points (r=-0.26). 
This indirectly gives an indication of a frequency dependent attenuation process in 
ultrasound-tissue interactions. With increasing %-fat in the tissues, scattering and 
attenuation increase which shifts the spectrum to the lower frequencies giving a negative 
correlation with the fL parameter. This was also observed in the good correlations (with %-fat) 
of other frequency parameters, such as fa (center frequency) and fp (frequency at peak power). 
1786 
Table II. Correlation of actual %-fat with attenuation parameters and kurtosis parameters~. 
Attenuation Parameters Kurtosis Parameters 
%-fat Linear Model I Power Law Model 
AT As I Bn 11 K,; n K 
%-fat 1.00 
AT 0.15 1.00 
As 0.13t -0.57 1.00 
Bn 0.25 -0.88 -0.15t 1.00 
11 0.02* -0.64 0.55 -0.39 1.00 
K,; -0.40 -0.08* -0.15 -0.17 0.00* 1.00 
nl( -0.30 0.00* -0.14t -0.09* -0.04* 0.70t 1.00 
~All the coefficient values are SIgnIficant (p<0.01) unless otherwIse specIfied (refer to text for 
the description of parameters). . 
to.01 <p<0.05 
*p>0.05 
The frequency-dependent attenuation parameters also showed a statistically 
significant correlation with %-fat (Table 11). The coefficients of correlations for the linear 
model parameters Ai (intercept) and A, (slope) were 0.15 and 0.13, respectively. For a 
nonlinear power-law model, Bo had a correlation coefficient of 0.25, and 11 (power of frequency 
dependent) was not significantly correlated with %-fat. This suggests that with increasing 
%-fat, the frequency dependence of attenuation remains close to linear. This is in contrast to 
some of the results for liver with fat infiltration [5). The mutual correlation of A; with Bo was 
high (r=0.88) which can be explained by the linear frequency dependence of attenuation, 
where the power of frequency dependence is close to one. 
Table II shows that Kg and nK are highly correlated to actual %-fat with correlation 
coefficients of -0.40 and -0.30, respectively. Also, as shown in the Figure 3, the Kg value is 
high for low %-fat muscle and low for high %-fat muscle. This implies that the tissues with 
low %-fat tend to have a Gaussian distribution of the strengths of the scatterers while the 
tissues with high %-fat tend to have a uniform distribution of the strengths of the scatterers. 
The negative correlation of nK with %-fat indicates that the KE(n) of tissues with low %-fat 
takes longer to stabilize than the KE(n) oftissues with high %-fat. It should be noted here that 
the tissues with low %-fat tend to have heterogeneous texture, whereas, tissues with high %-
fat tend to have a homogeneous texture. 
Table III shows the correlations of the parameters extracted from the signal-segment 
envelope with actual %-fat. The positive correlation of mean of the histogram envelope 
(r=0.25) implies that average amplitude of the backscatter echoes from the high %-fat ribeye 
is higher than the average amplitude of the backscatter echoes from the low %-fat ribeye. The 
correlation ofrms energy is good (r=0.22), but it does not provide information different than 
HM as seen from their mutual correlation of 0.99. The number-of-peaks parameters (PI' Pz , P3) 
also show good positive correlation with the actual %-fat. This could be related to the incr~ase 
in scattering strength and number density with the increase in the intramuscular fat content. 
The peaks parameters with different thresholds do not provide any additional information as 
their mutual correlation is very high (above 0.78). 
These parameters are empirical and the physical meaning is not clear. However, 
considering the size ofthe experiment (311 carcasses), the correlations found are significant. 
Work is in progress to develop a statistical model for predicting the intramuscular %-fat from 
these parameters. Eventually, a successful model would be implemented in a computerized 
ultrasound beef grading system under development at Iowa State University. 
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Table III. Correlation table of actual %-fat and envelope parametersi. 
512-point window parameters 256-point window parameters 
%-fat HM E" P, P, P, HM E" P, P, P, 
%-fat 1.00 
(512) HM 0.25 1.00 
E" 0.22 0.99 1.00 
P, 0.28 0.21 0.09* 1.00 
P, 0.29 0.18 0.08* 0.91 1.00 
P, 0.28 0.15 0.06* 0.78 0.93 1.00 
(256) HM 0.24 0.99 0.98 0.22 0.20 0.16 1.00 
E" 0.22 0.99 0.99 0.13t O.lIt 0.09* 0.99 1.00 
P, 0.24 0.23 0.12t 0.89 0.79 0.65 0.22 0.12t 1.00 
P, 0.31 0.26 0.16 0.85 0.86 0.74 0.25 0.16 0.91 1.00 
P, 0.33 0.21 0.13t 0.76 0.80 0.73 0.21 0.14t 0.79 0.93 1.00 
iAll the coefficIent values are sIgruficant (p<O.Ol), unless otherwIse specIfied (refer to text for 
the description of parameters). 
to.01 <p<0.05 
*p>0.05 
CONCLUSION 
Simple and effective A-mode signal processing technique have been developed for 
characterizing intramuscular %-fat in ribeye muscle ofthe beef carcasses. This approach may 
provide an important step towards an objective grading system for beef quality. 
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